OBJECTIVE -Fatty liver may be involved in the pathogenesis of type 2 diabetes. Physical exercise is a tool to improve insulin sensitivity, but little is known about its effect on intrahepatic fat (IHF) content. The purpose of this study was to examine the association of habitual physical activity, insulin resistance, and adiponectin with IHF content.
A lanine aminotransferase and ␥-glutamyltransferase are associated with type 2 diabetes risk (1-3), and it is thought that the link is represented by the intrahepatic fat (IHF) content. Ectopic fat accumulation within the liver, in fact, has been reported in association with impairment of insulin-stimulated glucose metabolism, of suppression of endogenous glucose production, and of whole-body lipolysis in nondiabetic individuals with nonalcoholic fatty liver disease (NAFLD) (4,5). Additional results also demonstrated that decreased levels of circulating adiponectin in NAFLD are related to hepatic insulin sensitivity and to the IHF content, suggesting that hypoadiponectinemia may be involved in excessive hepatic fat accumulation (6).
Physical exercise was found to be associated with a reduced risk of development of type 2 diabetes (7, 8) and is a wellrecognized tool to improve insulin sensitivity at the level of the skeletal muscle (9) . However, whether physical exercise may affect insulin sensitivity and diabetes risk via an effect on the IHF content and adiponectin remains unknown.
The IHF content may be assessed as a continuous variable by means of 1 H magnetic resonance spectroscopy (MRS) (10) , and recently this technique was found to be a sensitive, quantitative, and noninvasive method also when applied to a large population (11) without the need for the use of a more invasive approach such as liver biopsy. The purpose of this study was, therefore, to examine the association of habitual physical activity, insulin resistance, and plasma adiponectin concentration with the IHF content in a population of 191 nonalcoholic, healthy individuals using a cross-sectional approach.
RESEARCH DESIGN AND METHODS
-O n e -h u n d r e d a n d ninety-one individuals were recruited via a survey performed to assess the prevalence of fatty liver among the employees of the San Raffaele Scientific Institute. These individuals were recruited in the outpatient service of the Center of Nutrition/Metabolism of the San Raffaele Scientific Institute. Their body weight had to be stable for at least 6 months for inclusion; exclusion criteria included a history of hepatic disease, substance abuse, or daily consumption of Ͼ1 alcohol drink (Ͻ20 g/day) or the equivalent in beer and wine. Normal or higher than normal IHF content was set at 5% wet weight as suggested by the American Association for the Study of Liver Diseases (AASLD) (12) . The anthropometric characteristics of the subjects are summarized in Table 1 . Subjects were in good health as assessed by medical history, physical examination, hematological analysis, and urinalysis. Recruited subjects gave their informed written consent after explanation of the purpose, nature, and potential risks of the study.
Subjects were instructed by a registered dietitian to consume an isocaloric diet containing at least 250 g of carbohydrates and 70 -90 g of protein/day and to abstain from exercise activity for 3 days before the study. They were studied after an 8-to 10-h overnight fast by means of 1 H-MRS for the assessment of IHF content. Blood samples were collected for measurement of serum insulin, plasma glucose, free fatty acids (FFAs), the lipid profile, and biochemical parameters.
Experimental protocol
Assessment of habitual physical activity. Habitual physical activity was assessed using a validated questionnaire that had been developed for the various socioeconomic classes in the general population (13) . Briefly, three meaningful factors can be distinguished within habitual physical activity: 1) occupational physical activity (precoded according to three levels of physical activity at work);
2) sport during leisure time subdivided in three levels and a sport score calculated from a combination of the intensity of the sport (low level, 0.76 MJ/h: sailing, bowling, billiards, and golf; middle level, 1.26 MJ/h: cycling, dancing, swimming, and tennis; and high level, 1.76 MJ/h: basketball, football, and rowing), the amount of time per week (from 0.5 to Ͼ4 h), and the proportion of the year (from Ͻ1 to Ͼ9 months) during which the sport was played regularly; and 3) other physical activity during leisure time (this specifically relates to watching television, walking, and cycling during leisure time). The testretest reliability of this questionnaire, validated in a Dutch population, was tested for Italian individuals in our laboratory in previous studies; the questionnaire was administered twice 2 weeks apart and the coefficients of variation (CVs) of the work, sport, and leisure time indexes were 2, 3, and 8%, respectively. 1 H-MRS. Hepatic 1 H-MRS was performed at rest and with patients in the supine position with the use of a 1.5-T whole-body scanner (Gyroscan Intera Master 1.5 MR System; Philips Medical Systems, Best, Netherlands) using a conventional circular superficial coil as described previously (14) . First, coronal and transverse images of the liver were obtained for all patients. Next, T1 inphase and out-of-phase sequences were obtained to look for a potential loss of signal on out-of-phase images, indicating the presence of IHF accumulation. Then an 8-cm 3 spectroscopic volume of interest was positioned within the right lobe, avoiding major blood vessels, intrahepatic bile ducts, and the lateral margin of the liver. The voxel shimming was executed to optimize the homogeneity of the magnetic field within the specific volume of interest. Two 1 H spectra were collected from the hepatic parenchyma with the same prescanning conditions using a PRESS pulse sequence (interpulse delay TR ϭ 3,000 ms, spin-echo time TE ϭ 25 ms, 1,024 data points over a 1,000-Hz spectral width and 64 acquisitions) with and without suppression of the water signal, respectively. Area of resonances from protons of water (4.8 ppm) and methylene groups in fatty acid chains of the hepatic triglycerides (1.4 ppm) were obtained with a time-domain nonlinear fitting routine using commercial software (VARPRO-MRUI; http://www.mrui. uab.es). The percent IHF was calculated by dividing the integral of the methylene groups in fatty acid chains of the hepatic triglycerides (obtained from the watersuppressed spectrum) by the sum of methylene groups and water (obtained from the nonwater-suppressed spectrum) ϫ 100. The CV of the IHF content assessed using the above-described setting in our laboratory is 4.7% in individuals with Ͻ5% wet weight and 3.1% in individuals with an IHF content Ͼ5% wet weight, and the CV was calculated using the row data obtained from two consecutive acquisitions performed using the same volume of interest and the same prescanning procedures.
Analytical determinations
Glucose (Beckman Coulter, Fullerton, CA), FFAs, triglycerides, total cholesterol, HDL cholesterol, and serum creatinine were measured as described previously (14) . Plasma levels of insulin (sensitivity 2 U/ml; intra-and interassay CVs of Ͻ3.1 and 6%, respectively) were measured with a radioimmunoassay (Linco Research, St. Charles, MO). Serum adiponectin was measured, as described previously (15), with an enzyme-linked immunosorbent kit (B-Bridge International, Sunnyvale, CA) with a sensitivity of 25 pg/ml. The intra-and interassay CVs were Ͻ3.7 and Ͻ6%, respectively. Thyroid-stimulating hormone (TSH) was measured by an immunofluorometric method as described previously (16) .
Calculations
Insulin resistance was determined by updated computer homeostasis model assessment (HOMA)-2 indexes (17) available from http://www.OCDEM.ox. ac.uk. The percent IHF was calculated by dividing the integral of the methylene groups in fatty acid chains of the hepatic triglycerides by the sum of methylene groups and water ϫ 100. Signal decay due to spin-spin relaxation was calculated using mean T2 relaxation times for water and fat of 50 and 60 ms, respectively, and the exponential relaxation equation I m ϭ I 0 exp (ϪTe/T2), where I m is the measured signal intensity obtained at the selected echo-time Te, I 0 is the signal intensity immediately after the 90°pulse, and T2 is the spin-spin relaxation time. Average T2 relaxation times were used for these calculations (10, 18) as previously performed (11) . These values represent a relative quantity of water and hepatic triglyceride fatty acid chain protons in the volume of interest. To convert these values to absolute concentrations expressed as percent fat by weight of volume, we used equations validated by Longo et al. (10) . A liver fat content Ͼ50 mg/g (5% by wet weight and equivalent to 6.5% of the ratio of methylene to methylene ϩ water ϫ 100 in our setting) is diagnostic of hepatic steatosis (12) , and study subjects could be segregated into a group of individuals with normal (Ͻ5% wet weight) or higher than normal IHF content (Ͼ5% wet weight).
Statistical analysis
Data in text and tables are means Ϯ SD. Analyses were performed using the SPSS software (version 10.0; SPSS, Chicago, IL). Variables with skewed distribution assessed using the Kolmogorov-Smirnov test of normality (IHF content, HDL cholesterol, triglycerides, systolic and diastolic blood pressure, insulin, TSH, HOMA2-derived index of insulin sensitivity [HOMA2-%S], and HOMA2-derived index of ␤-cell insulin sensitivity [HOMA2-%B]) were log transformed before the analysis. One-way ANOVA or a Kruskal-Wallis nonparametric test was used when appropriate to compare variables between subjects with and subjects without fatty liver (Table 1) or among quartiles of the physical activity index ( Table 2 ). The Bonferroni post hoc test was used. P Ͻ 0.05 was considered to be significant. The relationship between IHF content and the physical activity index was examined by a two-tailed Pearson's correlation. Partial correlation was used to examine these relationships independently of age, sex, BMI, adiponectin, and HOMA2-%S.
RESULTS
Anthropometric and laboratory features of study subjects with or without fatty liver A higher than normal IHF content (Ͼ5% wet weight) was found in 31 individuals (16%) with a higher prevalence in men than in women (Table 1) . These individuals were characterized by a higher BMI, systolic and diastolic blood pressure, total cholesterol, and triglycerides along with a reduced HDL cholesterol (Table 1) . Plasma FFAs, serum creatinine, and TSH were not different between individuals with or without fatty liver. Two volunteers had impaired fasting glucose (one man with 6.1 mmol/l and fatty liver and one woman with 6.3 mmol/l and normal IHF content) and were included in the study. Fasting plasma glucose and insulin concentrations were increased in individuals with fatty liver compared with normal subjects (Table 1 ) (P Ͻ 0.0001); in association, the HOMA2-%S was reduced in subjects with than in those without fatty liver (P Ͻ 0.0001), whereas the HOMA2-%B was not different (Table 1) . The serum adiponectin concentration was reduced in individuals with fatty liver more than in the normal subjects (P Ͻ 0.0001). The score for the total physical activity index was reduced in individuals with fatty liver more than in the normal subjects (Table 1 ) (P Ͻ 0.02), and this difference was due exclusively to physical exercise during sport activities (P Ͻ 0.006), whereas scores for physical activity during work (P ϭ 0.92) and leisure time (P ϭ 0.58) were not different.
Characteristics of study subjects by quartiles of the physical activity index To assess in a cross-sectional fashion the impact of habitual physical activity, study subjects were segregated in subgroups of quartiles of the score of total physical activity index (cutoffs 7.25, 8.00, and 9.08) as summarized in Table 2 . The subgroups were not different per sex and age; for BMI, one-way ANOVA showed that it was different even if the Bonferroni post hoc analysis did not reveal a significant difference among quartiles. Blood pressure, total cholesterol (P ϭ 0.09), HDL cholesterol, triglycerides (P ϭ 0.06), and fasting plasma glucose were not different. In contrast, fasting plasma insulin was lower in the most physically active (quartile 4) compared with the least active (quartile 1) individuals. ␤-Cell insulin sensitivity was not different among quartiles, whereas HOMA2-%S (Table 2 ) was higher in quartile 4 compared with quartiles 1 and 2. The fasting serum adiponectin concentration was not different among quartiles (P ϭ 0.08) ( Table 2) . Finally, IHF content was lower in the quartile of the most physically active (quartile 4) individuals compared with those in quartiles 1 and 3 (P Ͻ 0.02) ( Table 2 and Fig.  1A ), and this finding was confirmed by analyzing the prevalence of fatty liver, which was the lowest (2%) in the quartile of the most physically active individuals (Pearson 2 test: P Ͻ 0.001).
Correlative analysis
Based on the working hypothesis, we tested whether the IHF content correlated with the total score of the physical activity index (r ϭ Ϫ0.27; P Ͻ 0.000), with the sport index (r ϭ Ϫ0.26; P Ͻ 0.000), and with the leisure time physical activity index (r ϭ Ϫ0.17; P Ͻ 0.02) but not with the work physical activity index (r ϭ 0.08; P ϭ 0.92) in the entire population. The same findings were reproducible when the correlative analysis was performed separately in individuals with or without fatty liver. In particular, the total score of the physical activity index was significantly associated with individuals with normal IHF content and with fatty liver (Fig. 1B) . The IHF content correlated strongly also with the BMI (r ϭ 0.54; P Ͻ 0.000), HOMA2-%S (r ϭ Ϫ0.31; P Ͻ 0.000), and adiponectin (r ϭ Ϫ0.45; P Ͻ 0.000). We therefore performed a correlative analysis between the IHF content and the total score of the physical activity index, controlling for age, sex, BMI, HOMA2-%S, and adiponectin, and found that it was not attenuated (partial correla- tion r ϭ Ϫ0.25; P Ͻ 0.001). The adjusted correlative analysis remained unaffected also when it was performed separately in the two subgroups: partial correlation factor from Ϫ0.21 to Ϫ0.29 (P Ͻ 0.001) in the subgroup of individuals with normal IHF content and from Ϫ0.39 to Ϫ0.33 (P Ͻ 0.05) in the subgroup of individuals with fatty liver.
CONCLUSIONS -T h e p r e s e n t study is based on the hypothesis that part of the well-known beneficial impact of physical exercise on the prevention and treatment of insulin resistance and type 2 diabetes might be mediated by a depleting effect on ectopic fat accumulation within the liver. In support of this hypothesis we demonstrated in this study, using a crosssectional approach, that a higher level of habitual physical activity is associated with lower IHF content in humans; in addition, the results suggested that this association is detectable regardless of other key factors involved in the pathogenesis of type 2 diabetes: age, sex, obesity, insulin resistance, and circulating adiponectin levels.
In support of this conclusion, we found in a population of 191 nonalcoholic, apparently healthy individuals, in which the prevalence of fatty liver was found to be 16%, that 1) those segregated in the quartile of the highest score of physical activity were characterized by the lowest IHF content when analyzed as a continuous variable (Fig. 1A) , 2) they were characterized by the lowest prevalence of fatty liver (Table 2 ) when analyzed as a categorical variable (IHF content Ͼ5% wet weight), and 3) the physical activity index was inversely associated with the IHF content within the entire population and within each subgroup of individuals with or without fatty liver (Fig. 1B) . These results are in agreement with previous cross-sectional studies showing an association of physical activity with indirect markers of fatty liver: Lawlor et al. (19) showed an independent association of the level of physical activity with alanine aminotransferase and ␥-glutamyltransferase, whereas Church et al. (20) showed an association between physical fitness and the prevalence of NAFLD. An additional study reported a significant correlation between cardiorespiratory fitness and a semiquantitative, computed tomography-derived value obtained as a ratio of the liver-tospleen attenuation signal in men (21) . With respect to these studies, the importance of our own report was 1) to provide for the first time a direct and absolute quantification of the IHF content using a reliable, highly sensitive and specific in vivo technique and 2) to obtain the determination of additional variables strongly involved in the pathogenesis of type 2 diabetes and in the development of ectopic fat accumulation. Studies have pointed to insulin resistance as pathogenic factors in NAFLD and fatty liver (22, 23) . On the basis of the measurement of fasting plasma glucose and insulin concentration, we estimated insulin sensitivity using the computer HOMA2 indexes and showed that, not surprisingly, the individuals segregated in the quartile of highest score of physical activity were characterized by higher insulin sensitivity (Table 2 ) and the IHF content and HOMA2-%S were strongly correlated. Similarly, it was suggested that adiponectin was independently associated with fatty liver (6), and also in our own population the IHF content strongly correlated with adiponectin. Because exercise training may influence both insulin sensitivity and circulating levels of adiponectin, it might be that the association between lower IHF content and higher habitual physical activity was due to an effect mediated by the fitness status on insulin sensitivity and adiponectin rather than being a direct effect on liver storage. Against the hypothesis of an indirect effect of physical activity mediated by the modulation of insulin sensitivity or adiponectin, as well as age, sex, and obesity, the correlation analysis adjusted for all these variables revealed that the association between IHF content and the physical activity score was not lessened, suggesting that the relationship between the two variables was an independent one. Taking into account the fact that excessive fatty liver accumulation appeared to be peculiarly associated with hepatic insulin resistance (5) and that reduction of the IHF content due to a moderate weight reduction was associated with improvement of hepatic insulin sensitivity (24) , the potential beneficial effect of physical exercise would represent an additional tool to improve the metabolic profile of patients type 2 diabetes. The precise mechanisms by which physical exercise may reduce hepatic steatosis remains unknown and needs to be extensively explored, even if it was suggested that it would stimulate lipid oxidation and inhibit lipid synthesis in liver through the activation of the AMPactivated protein kinase pathway (25) .
The score of habitual physical activity was based on three factors: occupational physical activity, sport activity, and physical activity during leisure time. The study population was rather homogeneous in terms of occupational physical activity because these individuals were employees in our institute and were similarly involved in mild occupational activity. Consequently, it was not surprising that the occupational physical activity was not different between groups (Table 1) . Also physical activity during leisure time was not apparently different between the individuals with or without fatty liver despite the observation that when plotted as a continuous variable, it correlated with IHF content even if in a weaker fashion than the sport physical activity. Therefore, we should emphasize that among the three components of the physical activity index, the habit of playing a sport regularly was the most relevant in the correlation with IHF content (Table 1) .
The strength of this work is based on the highly sensitive and specific absolute quantification of IHF content using a noninvasive technique, controlling for anthropometric, metabolic, and endocrine variables; on the other hand, some major limitations need to be stated. One limitation is the cross-sectional nature of the study; unfortunately, we are not aware of any study in which the effect of acute exercise or of an exercise training program on IHF content was assessed. Only data in animal models are available, and they showed that physical exercise performed for 8 weeks in rats during the administration of a high-fat diet (26) or introduced midway through a 16-week period (27) largely reduced fat accumulation. Therefore, studies aimed to assess longitudinally the effect of physical exercise are warranted and need to be performed in the near future. In addition, diet habits may affect IHF content (28), but we did not have valuable dietary data for this population to assess its potential influence and interplay with habitual physical activity. These limitations are not trivial issues; in fact we can say that, in general, there exists a consensus that lifestyle changes and increasing physical activity through exercise are cornerstones to therapy of insulin-resistant states and fatty liver, and these sorts of interventions are typically part of initial recommendations. However, the efficacy of this common sense approach remains to be established, and the relative merits of different levels of diet and exercise on IHF metabolism remain to be defined. This is confirmed by the fact that on the basis of the results of the present work, the impact of habitual physical activity, even if significant, explained only 8% of the variance of the IHF content, suggesting that the amount of IHF is mainly regulated by a factor other than habitual physical activity.
Thus, it may be concluded that by using a cross-sectional approach in the present work, we provided evidence that habitual physical activity is associated with a lower IHF content in humans. However, it is possible that physical exercise may only modulate the severity of the degree of hepatic fat accumulation.
